CACHEXIA IS PREVALENT AMONG patients with chronic kidney disease (CKD) and is associated with anorexia and progressive loss of body fat and lean mass (26, 27) . Although calorie deficiency from anorexia is a common feature, cachexia is not prevented by increased caloric intake. Existing pharmaceutical therapy has been relatively ineffective (24) . Thus the development of new therapy for this disorder is urgently needed. One novel approach to treat this disorder is to target the regulation of energy homeostasis. The pivotal role played by the central melanocortin system in regulating energy homeostasis has made this an attractive target for novel cachexia therapy. The mixed melanocortin receptor antagonist agouti-related peptide (AgRP) is an endogenous peptide that induces hyperphagia (23) . Previously, we showed that AgRP attenuated cachexia in CKD mice (8, 10) . Although promising, our previous studies (38, 39) with AgRP have one major caveat, as we used dual energy X-ray absorptiometry (DXA) to assess the body composition in mice. DXA cannot measure body water. This is particularly pertinent to CKD. The presence of fluid overload in CKD often leads to an overestimate of lean mass by DXA. The superior precision offered by the quantitative magnetic resonance (QMR) approach over DXA technique to body composition analysis has been demonstrated (21, 43, 44) . QMR measurements utilize inherent differences in the nuclear magnetic resonance properties of hydrogen atoms and hydrogen density in fluids and tissues to derive estimates of fat mass, lean mass, total body water, and free water (body fluids not bound in tissues; Ref. 33) .
Insulin-like growth factor-I (IGF-I) and myostatin are important regulators of muscle mass (25, 28) . Proinflammatory cytokines, such as interleukin (IL)-1, IL-6, and tumor necrosis factor (TNF)-␣, induce protein catabolism, enhance lipolysis, suppress appetite, and increase energy expenditure in patients with CKD (2, 9, 46) . Aberrant expression of forkhead family transcription factor 1 (FoxO1), the ubiquitin ligases muscle atrophy F-box (Atrogin-1), and muscle ring finger 1 (MuRF-1) as well as myogenic differentiation gene (MyoD) have been implicated in the pathogenesis of muscle atrophy (15, 16, 32, 37, 49) . Skeletal muscle regeneration following injury involves proliferation and differentiation of satellite cells leading to the formation of new myofibers (7) . Recent studies (41, 48, 53) suggest that chemokine CXCL-16 and monocyte chemoattractant protein-1 (MCP-1) are critical for the regeneration process occurring in the injured muscle tissue.
In the present study, we employed QMR technique to measure body composition change following central administration of AgRP in a surgically induced CKD mouse model. We further investigated the effect of CKD-associated cachexia on the signaling pathways leading to wasting in skeletal muscle as well as whether these pathological pathways can be ameliorated by central administration of AgRP.
MATERIALS AND METHODS
Animals. Male C57BL/6J mice (8-wk of age, Jackson Laboratory) were maintained on a normal 12:12-h light-dark cycle. Scheme of experimental procedure is outlined in Fig. 1 . Experiments were conducted in accordance with the National Institutes Health's Guide for the Care and Use of Laboratory Animals and approved by the Animal Care and Use Committees of the University of California, San Diego.
Mouse chronic kidney disease surgeries. CKD in mice was induced by standard subtotal two-stage nephrectomy operation as described previously (10) . Sham operation was performed in a control mouse.
Mouse intracerebroventricular AgRP administration. Cannulation implantation was performed in all mice (10) . Mice were divided into four groups: sham-operated, normal saline treated (Sham/V); sham operated, AgRP treated (Sham/AgRP); CKD, normal saline treated (CKD/V); and CKD, AgRP treated (CKD/AgRP). Normal saline or 2 nmol of AgRP (82-131 amino acid fragment; Phoenix Pharmaceuti-cals) were infused into the lateral ventricle of the mice, using a 10-l syringe (Hamilton). For this study, mice were infused at days 0, 3, 6, 9 , and 12 relative to the initial injection.
Mouse diet manipulation. CKD/V mice were fed ad libitum with powdered mouse diet 5015 containing 17% crude protein (LabDiet) whereas Sham/V, Sham/AgRP, and CKD/AgRP mice were pair fed with CKD/V mice.
Indirect calorimetry. Oxygen consumption (V O2) was determined by indirect calorimetry (Oxymax; Columbus Instruments; Ref. 10). Mice were housed in separated chambers at 24 Ϯ 1°C. Mice were first acclimatized to the chambers for 2 days before the study was conducted. Measurements were recorded for 4 -6 h during the light cycle (0900 -1700). Samples were recorded every 3 min with the room air reference taken every 30 min and the airflow to chambers 500 ml/min. Basal oxygen consumption (ml·kg Ϫ1 ·h Ϫ1 ) was determined as the average of the three lowest measurements obtained during the day of observation.
Body composition analysis by DXA. In vivo body composition in anesthetized mice was determined twice, i.e., before the initiation and at the end of study by PiXimus mouse densitometer (MEC Lunar; Ref. 10). All animals were fasted for 12 h before DXA analysis to minimize the effect of indigested food on the DXA analysis. Food efficiency was calculated by dividing the total weight gained (in grams) by the total amount of food consumed (in grams).
Body composition analysis by QMR. At the end of study, following DXA measurements in conscious live mice, eight mice from each group were killed by CO2 asphyxia, enclosed individually in airtight plastic bags, snapped frozen in liquid nitrogen, and shipped in dry ice for post mortem QMR analysis (EchoMRI-100; Echo Medical Systems). Intact carcasses were warmed to 37°C in a hybridization oven but were not removed from plastic bags to limit water loss. Total fat mass, lean mass, and water content of mice were analyzed. The percentage of fat mass, lean mass, and water content in mice was calculated by dividing the total fat mass (gram), lean mass (gram), and water content (gram) by the body weightt of individual mouse (gram).
Serum chemistry analysis. The remaining mice in each group were killed for serum chemistry analysis. Blood urea nitrogen (BUN) and blood bicarbonate levels were assayed by standard laboratory methods. Serum creatinine levels were analyzed using QuantiChrom creatinine assay kit (BioAssay Systems).
Muscle protein measurement. Gastrocnemius muscle from experimental mice was dissected for protein analysis. Muscle protein was extracted, and protein concentration was determined by Pierce BCA protein assay kit (Thermo Scientific, product no. 23227). Muscle tissue lysate protein levels of IL-1␣, IL-1␤, IL-6, IL-10, IFN-␥, TNF-␣, CXCL-16, and MCP-1 were quantified with Mouse Quantibody Custom Array (RayBiotech).
RNA isolation and analysis. Total RNA from gastrocnemius muscles were extracted and reversely transcribed with standard procedures. Appropriate primers and probes for mouse IGF-I, myostatin, MyoD, FoxO-1, Atrogin-1, MuRF-1, IL-6, TNF-␣, MCP-1, CXCL-16, and endogenous control GAPDH were obtained. Identities for mouse Taqman Gene expression Assays-On-Demand (Applied Biosystems) are listed in Table 1 . The condition for PCR amplification for targeted genes was described previously (10 were expressed in arbitrary units, with one unit being the mean mRNA level determined in the Sham/V mice.
Statistical analysis. Values are presented as means Ϯ SE, and results were analyzed using Student's t-test when two experimental groups were compared or using ANOVA when data from Ն3 groups were studied. For ANOVA analyses, pair-wise comparisons were made by the Student-Newman-Keuls test. Data sets were analyzed for statistical significance using SPSS 16.0 software package (SPSS).
RESULTS

Mice develop CKD-associated cachexia following two-stage nephrectomy.
Male c57BL/6J mice were used for this study. Subtotal nephrectomized mice (CKD) treated with vehicle (V) were uremic but not acidotic. CKD/V mice had higher levels of BUN and creatinine (65.9 Ϯ 2.3 and 0.6 Ϯ 0.0 mg/dl) than sham mice treated with vehicle (Sham/V; 30.7 Ϯ 2.7 and 0.2 Ϯ 0.0 mg/dl; P Ͻ 0.001; Table 2 ). Blood bicarbonate levels were not different between CKD/V (27.5 Ϯ 3.2 mmol/l) and Sham/V mice (26.9 Ϯ 5.9 mmol/l; Table 2 ). CKD/V mice were fed ad libitum (57.3 Ϯ 7.2 g), whereas Sham/V mice were pair-fed to CKD/V mice ( Fig. 2A) for the study period of 14 days. Sham/V gained significantly more weight than CKD/V mice (gain of 2.0 Ϯ 0.2 vs. gain of 0.6 Ϯ 0.4 g; P Ͻ 0.001; Fig. 2B ).
Body composition of mice was first analyzed before and after the treatment by DXA. Significant accumulation of fat and lean mass occurred in Sham/V mice but not in CKD/V mice. The percent increase in fat mass per animal over the course of the 14 days was significantly higher in Sham/V mice relative to CKD/V mice (gain of 6.8 Ϯ 3.5 vs. loss of 1.3 Ϯ 2.1%; P Ͻ 0.001; Fig. 2C ). Similarly, the percent increase in lean mass was significantly higher in Sham/V mice compared with that in CKD/V mice (gain of 3.5 Ϯ 1.1 vs. loss of 2.4 Ϯ 2.4%; P Ͻ 0.001; Fig. 2D ).
These results were confirmed by QMR analysis. At the end of 14 days, QMR measurements were performed on eight mice in all study groups. The percentage of fat mass and total fat mass was significantly increased in CKD/V mice (9.5 Ϯ 0.5% and 1.9 Ϯ 0.1 g) relative to Sham/V mice (7.9 Ϯ 0.4% and 1.7 Ϯ 0.1 g; P Ͻ 0.001; Fig. 3, A and B) . Conversely, the percentage of lean mass and total lean mass was significantly lower in CKD/V mice (84.5 Ϯ 0.3% and 16.9 Ϯ 0.4 g) compared with 
CKD/AgRP (n=21) Fig. 2 . Chronic kidney disease (CKD) and sham mice were administered with agouti-related peptide (AgRP) or vehicle for 14 days. At the end of study, cumulative food consumption (A) and cumulative weight gain (B) were recorded. Live mice were scanned by DXA to determine the change in fat mass and lean mass. Mice were scanned 1 day before the starting of the experiment, followed 14 days later by a second DXA scan. Final results of change in fat (C) and lean mass (D) relative to baseline are shown. Basal metabolic rate (E) and food efficiency (F) were measured in experimental animals at the end of the study. Basal metabolic rate (ml·kg AgRP administration attenuates CKD-associated cachexia. Cachexia in CKD mice was attenuated by intracranial administration of AgRP. CKD mice treated with AgRP (CKD/AgRP) mice were still uremic but not acidotic. CKD/AgRP mice had higher BUN and creatinine levels (63.2 Ϯ 11.6 and 0.6 Ϯ 0.0 mg/dl) than did Sham/V and AgRP-treated sham (Sham/AgRP) mice (32.1 Ϯ 6.8 and 0.2 Ϯ 0.0 mg/dl; P Ͻ 0.001; Table 2 ). Blood bicarbonate levels in CKD/AgRP mice (28.5 Ϯ 4.6 mmol/l) were comparable to those in Sham/V and Sham/AgRP mice (28.7 Ϯ 3.9 mmol/l). AgRP treatment ameliorated CKDassociated cachexia. Our previous results (8) showed that administration of AgRP significantly increased the food consumption of CKD mice. To ensure that the observed effects on body mass regulation was not due to difference in nutritional intake, CKD/AgRP and Sham/AgRP mice were pair fed to CKD/V mice ( Fig. 2A) . Weight gain in CKD/AgRP mice was normalized (gain of 1.5 Ϯ 0.5 g, Fig. 2B ). CKD/AgRP mice gained fat mass and lean mass (gain of 0.3 Ϯ 1.3 and 0.8 Ϯ 0.8%), although still less than Sham/V or Sham/AgRP mice (gain of 5.9 Ϯ 2.6 and 3.2 Ϯ 2.7%; P Ͻ 0.001; Fig. 2, C and D) .
At the end of study, we used QMR to analyze body composition in CKD/AgRP and Sham/AgRP mice. The percentage of fat mass and total fat mass was not different between CKD/AgRP mice (7.5 Ϯ 0.4% and 1.6 Ϯ 0.3 g), Sham/V mice and Sham/AgRP mice (8.1 Ϯ 0.4% and 1.8 Ϯ 0.0 g; Fig. 3, A  and B) . The percentage of lean mass and total lean mass was significantly improved in CKD/AgRP mice (89.6 Ϯ 0.5% and 19.0 Ϯ 0.4 g) than CKD/V mice (P Ͻ 0.001; Fig. 3, C and D) . The percent of lean mass and total lean mass was normalized in CKD/AgRP mice compared with Sham/AgRP (90.1 Ϯ 1.6% and 20.0 Ϯ 0.7 g) mice or Sham/V mice (Fig. 3, C and D) . The percentage of water content in CKD/AgRP mice was significantly lower than CKD/V mice (78.4 Ϯ 0.9%; P Ͻ 0.001) and was not different than that in Sham/AgRP (77.5 Ϯ 1.5%) mice or Sham/V mice (Fig. 3E) . Total water content was not different between CKD/AgRP (16.6 Ϯ 0.2 g) and Sham/AgRP mice (17.2 Ϯ 0.25 g) compared with CKD/V or Sham/V mice (Fig.  3F) . Body composition of eight Sham/AgRP and eight CKD/ AgRP mice was further analysis. Fat mass and lean mass determined by DXA vs. QMR was not different within each study group (Fig. 4, A and B) .
Blockade of the melanocortin receptor by AgRP has been associated with a decrease in basal oxygen consumption (8, 10, 11) . Basal metabolic rate was lower in CKD/AgRP mice (3,278.1 Ϯ 235.8 ml·kg Ϫ1 ·h Ϫ1 ) than CKD/V mice and not different with Sham/V or Sham/AgRP mice (3,028 Ϯ 177.9 ml·kg Ϫ1 ·h Ϫ1 ; P Ͻ 0.001; Fig. 2E ). In addition, food efficiency improved in CKD/AgRP mice (0.026 Ϯ 0.009) relative to Fat mass (g) Signaling pathways associated with skeletal muscle wasting in CKD mice. We investigated the impact of AgRP administration on muscle mass regulatory pathways. Gastrocnemius muscle from experimental mice was dissected, and muscle lysate protein was extracted. Muscle lysate protein levels of IL-1␣, IL-1␤, IL-6, IL-10, IFN-␥, TNF-␣, CXCL-16, and MCP-1 were quantified. There was no difference in skeletal muscle protein profile between Sham/AgRP and Sham/V mice (Fig. 5) . However, we detected significant differences in skeletal muscle protein profile in CKD/V relative to Sham/V mice. CKD/V mice exhibited a significant increase in skeletal muscle protein levels of IL-1␣, IL-1␤, IL-6, and TNF-␣ while CXCL-16 and MCP-1 protein concentration was lower relative to Sham/V mice. There was no difference in IL-10 and IFN-␥ protein levels in CKD/V mice vs. Sham/V mice. AgRP normalized protein levels of IL-6, TNF-␣, and MCP-1 in CKD/ AgRP mice compared with Sham/V mice. Protein levels of IL-1␣ and IL-1␤ were significantly lower in CKD/AgRP mice compared with CKD/V mice although still higher than those in Sham/V mice (Fig. 5, A and B) . In addition, protein levels of CXCL-16 were still decreased in CKD/AgRP mice compared with Sham/V mice (Fig. 5G) .
Total RNA from gastrocnemius muscles were extracted and reversely transcribed. Gene expression of IGF-I, myostatin, MyoD, FoxO1, Atrogin-1, MuRF-1, IL-6, TNF-␣, MCP-1, and CXCL-16 were measured. Similarly to protein data, there was no difference in gene expression of any targeted molecule between Sham/AgRP and Sham/V mice (Fig. 6) . Myostatin, FoxO1, Atrogin-1, MuRF-1, IL-6, and TNF-␣ mRNA level was significantly increased in gastrocnemius muscles of CKD/V mice relative to Sham/V mice while IGF-I, MyoD, MCP-1, and CXCL-16 mRNA content was lower in gastrocnemius muscle of CKD/V mice than Sham/V mice (Fig. 6) . AgRP corrected aberrant gene expression of IGF-I, myostatin, MyoD, IL-6, MCP-1, and CXCL-16 in CKD/AgRP mice compared with Sham/V mice. Gene expression of FoxO1, Atrogin-1, and MuRF-1 in CKD/AgRP mice was still lower than that in Sham/V mice (Fig. 6, D-F) . In addition, TNF-␣ mRNA level was significantly lower in CKD/AgRP mice compared with CKD/V mice, although still higher than that in Sham/V mice (Fig. 6I) .
DISCUSSION
Elevated circulating levels of cytokines such as leptin may be an important cause of CKD-associated cachexia via signaling through the hypothalamic melanocortin system (10) . In this study, we investigated the effect of AgRP administration on body composition in CKD mice using QMR technique. We used QMR to measure fat mass, lean mass, and water content in mice. We examined the effect of AgRP on expression of key molecules implicated in muscle wasting. Our previous studies (10) indicate that AgRP administration stimulated nutritional intake in CKD mice. Thus to examine the salutary effects of AgRP beyond its nutritional effects, we have employed pairfeeding experimental strategies. All mice had intracranial cannulation to avoid unintended effects of the surgical procedures. Despite the same nutritional intake as CKD/V mice ( Fig. 2A) , a significant weight gain was observed in CKD/AgRP mice (Fig. 2B) . The most significant aspect of this study is the maintenance of fat and lean mass in CKD mice treated with AgRP compared with sham mice (Fig. 2, C and D) . Our results were in agreement with other published data (42). Small et al. (42) studied energy metabolism in AgRP-treated ad libitum rats vs. pair-fed saline control group. AgRP administration significantly increased body weight in ad libitum fed animals compared with saline-treated controls. A significant increase in the epididymal fat pad weight and interscapular brown adipose tissue weight was observed in the ad libitum fed group, suggesting that AgRP caused metabolic changes independent of increased food intake (42) .
QMR provides detailed measurement of body composition in CKD mice in response to dietary and pharmacological modulation. Measurements of whole body composition in eight mice in all study groups were made using DXA compared with postmortem QMR. Precision measurement of lean mass in mice was found to be better for QMR than for DXA. QMR and DXA did not differ in the total amount of fat mass within the same group of mice, but values of lean mass derived from DXA analysis for CKD/V mice were greater than values estimated by QMR (Fig. 4B) . This is not surprising as DXA is unable to differentiate water content in mice and fluid retention in CKD may lead to an overestimate of lean mass. Progressive loss of renal function may lead to water retention. The percentage of water content was significantly higher in CKD/V mice relative to Sham/V mice (Fig. 3, E and F) . AgRP administration resulted in significant improvement in fat mass (Figs. 3, A and B, and 4A ), lean mass (Figs. 3, C and D, and  4B) , and normalization of water content (Fig. 3E ) in CKD/ AgRP mice.
AgRP treatment may modulate intestinal absorption of nutrients in CKD mice. Dietary fat is a major source of energy. Fat is delivered to tissues by apolipoprotein B-containing lipoproteins synthesized in the liver and intestine with the help of an intracellular chaperone, microsomal triglyceride transfer protein (MTP). Regulation of MTP expression is a major determinant of hepatic and intestinal fat mobilization (18) . Recent evidence suggests that, indeed, MTP expression is differentially expressed in the intestine and liver. Leptin regulates energy metabolism. Leptin reduces body weight by inhibiting AgRP neurons and release of pro-opiomelanocortin (POMC), a polypeptide precursor that is cleaved to generate ␣-and ␥-melanocortin-stimulating hormone (MSH). Interaction of MSH with melanocortin 4 receptor (MC4R) in the hypothalamus decreases food intake and increases energy expenditure. In contrast, the MC4R antagonist AgRP increases food intake and decreases energy expenditure (9, 27) . Enterocytes express leptin receptor, POMC, AgRP, and MC4R. Leptin might regulate intestinal MTP expression through the melanocortin pathway. Recent data suggest that leptin-melanocortin pathway may modulate intestinal MTP metabolism and intestinal lipid absorption (19) .
How could AgRP ameliorate muscle wasting in a catabolic condition such as CKD? One possibility is that AgRP attenuated muscle wasting by correcting the imbalance between IGF-I and myostatin. IGF-I mRNA level was 50% downregulated in skeletal muscle of CKD mice while expression of myostatin mRNA was 120% upregulated in skeletal muscle of CKD mice. AgRP treatment normalized skeletal muscle IGF-I and myostatin mRNA contents in CKD mice (Fig. 6, A and B) . Decreased expression of IGF-I accelerates muscle proteolysis via signaling through caspase-3 and ubiquitin-proteasome system (3). Myostatin influences myogenesis by negatively regulating myoblast proliferation (30) . Myostatin induces muscle wasting via signaling through AKT-FoxO1 pathway (13) . Elevated expression of myostatin has been implicated in several cachexia-associated diseases such as AIDS, sarcopenia, glucocorticoid-induced muscle dystrophy, and CKD (13) . Systemic administration of myostatin protein induced muscle wasting (31) . Alternatively, a lack of myostatin results in increased muscle growth and repair (1) . Myostatin blockade in mdx mice, a model of Duchenne muscular dystrophy, results in an increase in muscle mass and muscle force production (45) . Pharmacological inhibition of myostatin suppresses systemic inflammation and muscle atrophy in CKD mice (52) . Our data showed that AgRP caused an overall decrease in proinflammatory cytokines in CKD mice (Figs. 5 and 6 ), which may be the mechanism for reversal of cachexia and improvement in fat mass and lean mass in CKD mice. Indeed, proinflammatory cytokines such as IL-1, IL-6, and TNF-␣ have been associated with anorexia and cachexia in CKD (2, 9, 46, 54).
Skeletal muscle protein levels of IL-1␣, IL-1␤, IL-6, TNF-␣, and mRNA level of IL-6 and TNF-␣ were significantly increased in CKD mice (Figs. 5 and 6 ). AgRP normalized skeletal muscle protein and mRNA levels of IL-6 in CKD/ AgRP mice (Figs. 5C and 6G ). AgRP normalized skeletal muscle TNF-␣ protein level in CKD/AgRP mice (Fig. 5F ). Muscle TNF-␣ mRNA level was significantly lower in CKD/ AgRP mice compared with CKD/V mice although still higher than that in Sham/V mice (Fig. 6H) . Cytokines influence physiologic functions of skeletal muscle cells, including anabolic and catabolic processes and programmed cell death (54) . Proinflammatory cytokines may exert their biological effects in skeletal muscle in a paracrine/autocrine manner (54) . IL-6 mediates its effects on target cells through a complex receptor system (sIL-6R or gp80) and a signal-transducing glycoprotein (gp130; Ref. 34) . Skeletal muscle cells are capable of producing IL-6 and TNF-␣ in response to various stimuli. Musclederived IL-6 functions as an exocrine hormone and exerts its effect on the liver and adipose tissue (14, 35) . IL-6 interferes IGF-I signaling pathway (34) . IL-6 interacts with JAK/STAT signaling pathways, leading to changes in SOCS expression, and this process may lead to a decrease in signaling associated with the growth hormone and/or IGF-I receptors (17) . Our result is relevant because elevated IL-6 level impairs IGF-I signaling and inhibition of this pathway will decrease muscle protein synthesis and increase protein degradation in CKD mice. Previous studies (51) indicated that IL-6 stimulated SOCS-3 activity, leading to degradation of IRS-1 and suppression of p-Akt and p-FoxO, and promoted muscle proteolysis. IL-6 elicited skeletal muscle atrophy in healthy rats (17) . Raj et al. (36) quantified muscle IL-6 efflux in patients with end-stage renal disease. Their study (36) suggests that intradialytic IL-6 activation is a major protein catabolic signaling in renal patients. The same group measured IL-6 protein content of skeletal muscle biopsies in end-stage renal disease patients. Muscle protein catabolism was positively associated with skeletal muscle IL-6 content (4). Local infusion of IL-6 disproportionately affected myofibrillar protein compartment, suggesting that IL-6 treatment would have a meaningful skeletal muscle functional impact (17) . TNF-␣ contributes to muscle wasting by inducing reactive oxygen species and by activating the proinflammatory NF-B system and via this inducing the ubiquitin-proteasome system (20) . Increased oxidative stress also leads to upregulation of autophage related genes via p38MAPK atrophic muscles (29) . There is precedence for a link between inflammatory cytokines and myostatin expression. Results of a recent study (52) suggest that TNF-␣ triggered myostatin production in muscle, which in turn, stimulated IL-6 expression and its release in CKD mice.
Conversely, proinflammatory cytokines are known to inhibit the release of AgRP from hypothalamus (9, 24, 27 ). This will be a maladaptive response in CKD-associated cachexia. Increasing the hypothalamic level of AgRP in our study may help to overcome this aberrant pathophysiologic phenomenon. Furthermore, inflammation is associated with increased fat mass (obesity) and decreased muscle mass (2, 27) . It is an interesting finding that AgRP increased fat mass and yet decreased inflammation in our study. Although AgRP caused an increase in fat mass (Figs. 2, C and D, 3, A and B, and 4A ) as well as a decrease in inflammatory cytokines in CKD mice, the CKD/ AgRP mice are hardly obese compared with control mice (Fig.  2B) . They just have a lesser degree of cachexia, which is characterized by decreased fat mass relative to control mice.
AgRP may improve muscle mass in CKD mice by suppressing the expression of Atrogin-1 and MuRF-1 through regulation of FoxO1. FoxO1 expression is significantly induced during atropic conditions including fasting, cancer, diabetes mellitus, and renal failure (15, 16, 40) . Upregulation of Atrogin-1 and MuRF-1 has been observed in various models of skeletal muscle atrophy. In this study, we reconfirmed the upregulation of skeletal muscle FoxO1, Atrogin-1, and MuRF-1 mRNA expression in CKD mice. We found that skeletal muscle mRNA content of FoxO1, Atrogin-1, and MuRF-1 was 150, 220, and 160% increased in CKD mice relative to control mice. Skeletal muscle mRNA content of FoxO1, Atrogin-1, and MuRF-1 was still 60, 110, and 90% elevated in CKD/AgRP mice relative to control mice, although significantly lower than that in CKD/V mice (Fig. 6, E and F) . Inhibition of Atrogin-1 attenuated muscle loss in fasting mice as did MuRF-1 inhibition in cellular models (12) . Suppression of FoxO1, Atrogin-1, and MuRF-1 expression will lead to reduced proteolysis (47) . In mice with a muscle-specific FoxO1 deletion, the absence of FoxO1 attenuated Atrogin-1 and MuRF-1 expression in CKD mice. Subsequent in vitro and in vivo studies (50) indicated that FoxO1 is an important mediator of CKD-induced muscle wasting.
Another important aspect of muscle wasting in CKD is the impaired muscle regeneration. Skeletal muscle regeneration following injury involves proliferation and differentiation of satellite cells and leads to the formation of new myofibers (5, 6, 32) . MyoD influences muscle differentiation and myogenesis (6, 22) . Downregulation of MyoD leads to muscle wasting. Loss of myoD function leads to failure to maintain myonuclear density, a mechanism potentially linked to satellite cells differentiation defects (5). We examined MyoD gene expression in response to AgRP treatment in CKD mice. Indeed, skeletal muscle MyoD mRNA was found to be dramatically downregulated by 70% in CKD mice and expression of skeletal muscle MyoD was attenuated in CKD/AgRP mice (Fig. 6C) . Chemokines, signaling through the CCR2 receptor, involve in skeletal muscle regeneration. CXCL-16 and MCP-1 are crucial for muscle regeneration in injured muscle. Data from the laboratory of Zhang et al. (53) indicates that CXCL-16 promotes neutrophil and macrophage infiltration into injured muscle and induces muscle regeneration. Muscle regeneration was severely impaired in CXCL-16-deficient mice compared with that in wild-type mice. There was a significant decreased of MyoD and myogenin expression in regenerating muscle in CXCL-16 deficient mice, indicating impaired satellite cell proliferation and differentiation. Reports of Warren et al. (48) and Shireman et al. (41) suggest that MCP-1 and its receptor, CCR2, were also critical for the regeneration processes in injured muscle. Targeted deletion of CCR2 receptor or blocking the action of MCP-1 significantly delayed the muscle regeneration in injured tissue. At 14 days after a second nephrectomy, skeletal muscle protein and mRNA levels of CXCL-16 and MCP-1 were significantly decreased in CKD/V mice relative to control mice. AgRP treatment normalized mRNA levels of CXCL-16 and protein and mRNA content of MCP-1 in CKD/AgRP mice (Figs. 5, G and H, and 6, I and J). Our results are consistent with the notion that CXCL-16 and MCP-1 are integral to muscle regeneration processes. Lower expression of CXCL-16 and MCP-1 in muscle may lead to decreased macrophage infiltration and eventually impairs muscle regeneration in CKD mice.
In conclusion, we demonstrated that AgRP treatment improved energy expenditure, total body mass, fat mass, and lean body mass in a CKD mouse model. AgRP treatment caused an overall decrease in proinflammatory cytokines, which may be an important mechanism of its effects and further highlights potential benefits for its therapeutic usage. Muscle wasting in CKD may be due to the activation of proteolytic pathways and inhibition of myogenesis and muscle regeneration processes. The improvement in lean mass accrual in CKD mice treated with AgRP was likely mediated by modulation of pathological signaling pathways associated with skeletal muscle wasting. 
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